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Ferrimagnetic TbFe or TbFeCo amorphous alloy thin films have been grown by coevaporation in ultrahigh
vacuum. They exhibit an out-of-plane magnetic anisotropy up to their Curie temperature with a nucleation and
propagation reversal mechanism suitable for current induced domain wall motion. Rutherford backscattering
experiments confirmed a fine control of the Tb depth-integrated composition within the evaporation process.
However, a large set of experimental techniques were used to evidence an interface related contribution in
such thin films as compared to much thicker samples. In particular, scanning transmission electron microscopy
experiments evidence a depth dependent composition and perturbed top and bottom interfaces with preferential
oxidation and diffusion of terbium. Despite that, amorphous and homogeneous alloy film remains in a bulklike
part. The composition of that bulklike part of the magnetic layer, labeled as effective composition, is biased when
compared with the depth-integrated composition. The magnetic properties of the film are mostly dictated by this
effective composition, which we show changes with different top and bottom interfaces.
DOI: 10.1103/PhysRevMaterials.2.104410
I. INTRODUCTION
Recent progress has highlighted the interest to spintronics
of systems with small magnetization, such as ferrimagnets,
antiferromagnets, or synthetic antiferromagnetic stacks [1].
This has driven the research in spin transfer torque towards
new materials and stacks.
Ferrimagnetic alloys built from the combination of two
types of magnetic elements, rare earth (RE) and transition
metals (TM) with antiferromagnetically coupled sublattices,
display magnetic properties (such as magnetization and angu-
lar momenta) tunable with temperature and composition [2,3].
Interestingly, it has been shown in the 1970s that relatively
thick amorphous rare earth transition metal compound films
could have a strong perpendicular anisotropy [4] which made
them very useful for magneto-optical recording [5]. Recently,
the interest of such alloys was renewed by the investigations
of current induced domain wall motion in ultrathin films with
perpendicular anisotropy. In ferrimagnets, low net magne-
tization (MS) promotes the Néel DWs interesting for spin
orbit torque DW motion in stacks including heavy metals [6].
This increases the efficiency of current-induced torques
[7–9], whereas the low magnetization decreases the depinning
field [10]. Eventually, at the angular compensation with a
nonzero magnetization, field-driven antiferromagnetic spin
dynamics is realized in ferrimagnets with a much faster DW
propagation [11,12]. RETM ferrimagnets are also appealing
*alexandra.mougin@u-psud.fr
materials to promote skyrmions [13]. However, all these new
perspectives require a fine control of the interfacial properties
and environment (using heavy metal adjacent layers), which
for thin ferrimagnetic alloy films there are scarcely any works
published.
The main purpose of this paper is to present the structural
and chemical properties of TbFe or TbFeCo alloy thin film
stacks grown by coevaporation in relation with their magnetic
behavior. The influence of the layers surrounding the ferri-
magnet is discussed. We show the impossibility to transfer the
results of thick films and bulk crystals to thin films as observed
in other systems [14–16]. Here, the effective composition of a
bulklike part is biased due to interfaces and that this effective
composition tunes compensation, one of the most sensitive
fingerprints of TbFe(Co) alloy behavior.
II. GROWTH AND STRUCTURE OF
AMORPHOUS//TBFE(CO)/AL ALLOY THIN FILMS
A. UHV coevaporation protocol
TbFe (respectively TbFeCo) alloys have been grown by
coevaporation of Tb and Fe (respectively a fused Fe85Co15
target) in a dedicated UHV chamber. Its base pressure is
about 2×10−10 mbar and it’s equipped with two electron guns
of seven crucibles each, allowing one to develop complex
multilayer stacks. For growing ferrimagnetic alloy films, pure
Fe (Fe85Co15) and pure Tb were coevaporated. The tuning
of the alloy composition is a prerequisite to any further
study. For that purpose, three independent quartz balances
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are available in the chamber: one in the vicinity of each
electron gun and a removable one that can be positioned at
the exact substrate position to perform a precise determi-
nation of the geometrical tooling factors between the flux
received by the sample and those measured above the electron
guns. During growth, the evaporation rates were measured
continuously on both lateral quartz balances. A homemade
software, integrating systematic tooling factors and feeding
back the quartz balance readings, was used to continuously
tune the electrical power applied on both guns. Specular
x-ray reflectivity measurements with a PANalytical X’Pert
MRD diffractometer were used to determine the thickness of
evaporated single element layers and to calibrate the quartz
balances of the evaporation chamber [17]. Deposition was
made at room temperature and at almost normal incidence and
rotating the substrate continuously to ensure homogeneity and
avoid specific atomic flux induced anisotropy [18]. Different
substrates (typically 10×10 mm2) have been tested, mainly
Si[100] with its native oxide, SiOx(100 nm)/Si[100]. Even if
not discussed here, successful growth was obtained as well
on intrinsic and very resistive Si[100] wafers and even Si3N4
amorphous membranes. After the ferrimagnetic layer growth,
a capping layer was deposited also by evaporation. This could
be Al or heavy metals like Pt or Ta, as discussed later on
in Fig. 9.
B. Rutherford backscattering spectroscopy:
Depth-integrated composition
The depth-integrated film composition was determined by
Rutherford Backscattering Spectroscopy (RBS). The incident
beam of 2 MeV alpha particles with a maximum energy spread
of 100 eV was produced at the SAFIR (Paris) and SCALP
platforms [19]. In both platforms, a 50 nA beam of diameter
0.5 mm was directed onto the samples at normal incidence.
A passivated implanted planar silicon detector of 2 mSr solid
angle was placed at 165◦ to detect the He particles scattered
from the sample. The scattered particle spectra which is
proportional to the atomic number of the target atoms give the
sample composition [20]. A set of 7 nm thick TbxFe1−x alloy
films with a Tb composition set point ranging from 20% to
28% is discussed for illustration. In Fig. 1(a), RBS spectra of
films of two different Tb concentrations are shown. The ratio
of the Tb to Fe peak areas allows a direct measurement of the
integrated composition in TbxFe1−x. In the two films shown,
x is equal to 20% and 22% and the difference in the spectra is
clearly visible to the eye, giving an indication of the sensitivity
of the RBS measurement to the global film composition.
Figure 1(b) plots the effective depth-integrated Tb compo-
sition measured by RBS against the corresponding set point
chosen for the evaporation process. The different points cor-
respond to successive measurements in different areas on the
samples and crude information on lateral homogeneity is here
obtained. RBS results indicate a suitable integrated compo-
sition for the alloy and are used routinely to postcheck the
depth averaged Tb composition. Note that RBS experiments
cannot be used in stacks including Ta or Pt because the peaks
associated with those heavy elements are superimposed with
that of Tb; the same holds for Co and Fe that cannot be
individually resolved. Therefore, only films covered with Al
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FIG. 1. (a) RBS spectra on 7 nm TbxFe1−x films: evaporation set
points x = 0.20 (black) and x = 0.22 (red). Fe and Tb peaks are
indicated. The solid lines correspond to the adjustments of the raw
data. (b) Depth-integrated Tb composition in the TbxFe1−x alloy as a
function of the evaporation set point. The different points correspond
to successive measurements in different regions on the samples.
were measured with RBS. Below, integrated composition will
be used to label the samples.
C. Scanning transmission electron microscopy:
Depth resolved analysis
Scanning Transmission Electron Microscopy (STEM) was
used to assess the crystallographic nature of the films and
give information on the alloy top and bottom interfaces. For
microstructural analysis, cross-sectional electron transparent
samples were prepared by focused ion beam on a SCIOS
dual-beam platform following a standard procedure. To pro-
tect the sample surface during this preparation process, a
thick carbon cap layer was deposited. STEM-EELS (Electron
Energy Loss Spectroscopy) measurements were performed
with an aberration corrected (Cs) STEM Nion UltraSTEM200
equipped with an in-house modified Gatan spectrometer [21].
The STEM was operated at 100 kV. A spectrum line, in which
a whole EELS spectrum is acquired for each probe position
(0.1 nm apart), has been acquired across the film stack. In an
EELS spectrum, the area under a characteristic edge is propor-
tional to the number of analyzed atoms of the given chemical
species per unit area. Such EELS elemental intensity profiles
for the Al-L2,3, Si-L2,3, Tb-N4,5, O-K, and Fe-L2,3 edges
104410-2
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FIG. 2. (a) STEM bright field image of a cross section of a
Si/native SiOx/Tb20.5Fe79.5 10 nm/Al 5 nm film. The amorphous
structure of the constitutive TbFe layer is visible. (b) EELS intensity
profiles showing the depth location of the different elements consti-
tutive of the stack. The stack itself starts at a depth of 5 nm and the
signals plotted in the (0–5 nm) depth range are those entering the C
cap layer.
were measured. Absolute quantification requires information
about different parameters, among them the shell ionization
cross section, and is performed only in particular favorable
situations. However, in our case the calculation of the cross
section for the Tb-N edge is subject to a large uncertainty.
So we only used the signal intensity which is proportional to
the amount of atoms present in the analyzed area [21]. An
image of a 10 nm thick TbFe film is shown in Fig. 2(a) and
EELS profiles are shown in Fig. 2(b). The film thermal history
(heated/cooled in air up to ≈120 ◦C) is typical of the baking
temperature used for patterning wires investigated for current
induced domain wall motion (CIDWM). This temperature is
also of the order of the film Curie temperature, reached during
basic magnetic characterization.
The STEM image [Fig. 2(a)] shows that the alloy is fully
amorphous and homogeneous in its bulk part, that the Al
cover includes a few crystallized oxide particles, and that
the substrate is single crystalline with a very thin native
oxide layer. Chemical profiles across the film stack [Fig. 2(b)]
further show that both top and bottom interfaces are perturbed.
When an Al cover layer is grown on a usual transition metal,
the Al layer is passivated fully with a 1–2 nm oxide layer, and
then stops oxidizing. Here, at the top, the TbFe/Al interface
looks rough and/or mixed. EELS profiles show that the Tb
atoms contained in the TbFe layer migrate towards the Al
cover and that Tb extends further than Fe into the Al cover.
In the cover, three elements essentially coexist: Al, Tb, and
O. This unusual Tb presence in the Al cover reinforces the
oxidation process of the Al cover. At the bottom interface
with the substrate, Tb and O intensities show superimposed
and abrupt (about 2 nm) peaks at the location of the native
SiOx layer covering the substrate. This reflects both migration
and oxidation of terbium of the bottom TbFe interface by the
native silicon oxide with an enrichment in terbium. We have
integrated both EELS Tb and Fe intensities over the entire
depth. We normalized the Tb and Fe ratio to 20.5% (79.5%)
using averaged proportions of Tb and Fe elements in the stack
obtained by RBS measurements. The EELS profiles are not
uniform in depth: the interfaces are richer in Tb depleting
the bulklike part. We obtain a negative bias of about 4%
in the composition of the bulklike part of the alloy compared
to the depth-integrated average composition.
In consequence, from the substrate to the top of the stack,
the TbFe alloy concentration profile is (i) at the bottom
interface, an oxidized layer with a Tb excess followed by a
thin layer with a Tb deficit (up to 30% less), (ii) a bulklike
TbFe alloy film with an almost constant effective composition
of 16.5% (a bias of about −4% from the total RBS com-
position of 20.5%), and (iii) a top interface slightly mixed
with the Al cover, also lacking a bit of terbium sunk by the
aluminium oxide. The general features are in agreement with
former results on GdCo films [22] showing Gd surfactant and
oxidation effects. This also supports a thickness dependence
of the magnetic properties of the samples, as demonstrated in
the following but in old and recent papers as well [23–28]. We
next discuss how this bias in the effective composition impacts
on magnetic properties.
D. Magnetization reversal and compensation
points in TbFe (TbFeCo)
1. Above room temperature, from magneto-optical investigations
The macroscopic magneto-optical hysteresis loops of
TbFe/TbFeCo alloy films were obtained in the polar geometry,
i.e., at quasinormal incidence with a magnetic field perpen-
dicular to the sample plane to check the out-of-plane magne-
tization component. A red λ = 652 nm (1.85 eV) laser was
used and, for such a wavelength, optical process occurs only
for the 5d RE and 3d TM conduction electrons. The 3d TM
moments being much larger, either Kerr rotation or magnetic
circular dichroism (MCD) are mostly only proportional to Fe
(FeCo) magnetization in our films [2,29]. As x increases and
the magnetic compensation is crossed, the dominant magnetic
sublattice that is coupled parallel to an external magnetic field
is changed so that a Kerr (or MCD) reversed loop is expected
from each side of the compensation [30].
Magneto-optical hysteresis loops of 7 nm TbxFe1−x films
[Tbx(FeCo)1−x] are shown in Fig. 3(a) [3(b)]. In both sets
of films, compensation can be identified by the reversal of
the hysteresis loops and the very flat hysteresis loops that
illustrate the divergence of the coercivity in the vicinity of
compensation. The compensation temperature of the Tb poor
film (black) is below room temperature, the intermediate Tb
composition (red/blue) corresponds to compensation around
room temperature, whereas the Tb rich films (green/blue) have
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FIG. 3. Polar magneto-optical hysteresis loops of 7 nm (a)
TbxFe1−x (magnetic circular dichroism) and (b) TbxFeCo1−x (Kerr
rotation) films for x ranging from 0.2 to 0.3 at room tempera-
ture. Both sets are grown on Si/SiOx and 5 nm Al covered. For
magneto-optical reasons, the MCD and Kerr rotation show opposite
signs [2,29].
a compensation temperature above room temperature. In TbFe
films, compensation around room temperature is obtained for
about 27% Tb, whereas in TbFeCo films, it’s about for 28%
Tb. A shift of 1% Tb is measured to get room temperature
compensation when comparing TbFe and TbFeCo; this may
be understood knowing that oxidation rate of TbFe is hindered
by cobalt which slightly shifts compensation [31]. The main
result is the decrease of the effective compensation composi-
tion as compared to bulk [2].
In TbFe films, compensation above RT (Tb-rich case) is
difficult to observe because Tcomp is close or equal to the Curie
temperature. Above RT, a selection of illustrative hysteresis
loops of two 7 nm TbxFe1−x films from either side of com-
pensation is shown as a function of temperature in Fig. 4. As
expected, both films exhibit loops reversed one respective to
the other. The Curie temperature is around 100 ◦C for both
films. The anisotropy of films remains out of plane and the
loops keep their remanence up to high temperature for both
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FIG. 4. (a) Polar magneto-optical hysteresis loops of 7 nm thick
Tb21Fe79 and Tb29.3Fe69.7 films as function of temperature in ◦C,
indicated by the color bar on the figure. (b) Corresponding coercive
fields HC (filled symbols) and remanence (open symbols) as a
function of temperature.
films. A significant difference however appears: the Tb-rich
films exhibit very square loops which are usually associated
with rare nucleation events at a given magnetic field followed
by rapid domain wall propagation. The hysteresis loops of
the films that are Fe dominated above room temperature
are always rounder. We selected 7 nm thick Tb28Fe72 (Tb
rich) and Tb24Fe76 (Tb poor) films similar to those shown
in Fig. 4 and investigated the magnetization reversal process
by Kerr microscopy [32]. Reversal occurs by domain wall
nucleation and propagation in the two films and outlines the
great quality of the films, with a very small amount of extrinsic
defects. As guessed from the hysteresis loops, Fig. 5 illustrates
the significant difference in nucleation. This is in agreement
104410-4
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FIG. 5. Magneto-optical images illustrating DW nucleation and
propagation in 7 nm thick films (a) Tb24Fe76 (B = 430 mT) and (b)
Tb28Fe72 (B = 600 mT) at room temperature.
with former results showing a difference in difference sta-
bility, domain size, and magnetization reversal above and
below compensation, evidenced in the nucleation field and its
dispersion [33–35].
2. From low temperature and up to large fields using
extraordinary Hall effect, VSM, and AGFM
The samples were further investigated using a commer-
cial Quantum Design Pluri Physical Measurement System
(PPMS) that enables one to measure both transport prop-
erties [extraordinary Hall effect (EHE)] and magnetization
by vibrating sample magnetometer (VSM), with magnetic
field (−9 T/+9 T) applied perpendicular to films in a tem-
perature range between 2 K and 400 K. EHE and magne-
toresistance measurements were simultaneously performed
employing the four-probe technique. Since TbFeCo resistivity
is very large [36], shortcuts can be easily obtained with any
cracks or with an unsuitable substrate: films must be grown on
an insulating substrate, e.g., a 0.1 μm SiOx layer is required to
prevent current flowing into the substrate. The set of TbFeCo
films of Fig. 3(b) is used to illustrate the EHE results on full
films. Hysteresis loops are shown in Fig. 6. Like in magneto-
optics, the EHE signal comes from conduction electrons: the
transition metal dominates and the rare earth has nevertheless
a tiny contribution of opposite sign [37–39]. Altogether, the
sign of the Hall signals is meaningful and EHE loops reverse
when the ferrimagnet goes through compensation. When the
current flows along x and the magnetic field along z, the Hall
electric field is along y. Here, the Hall resistance RH = Rxy
is positive when the TM sublattice is parallel to the external
field. The thermal and composition evolution of the loops
provides evidence of a FeCo (Tb) dominated behavior for
low (large) Tb amount and the existence of compensation for
the intermediate composition. This is further demonstrated in
Fig. 6(c) gathering the thermal evolution of the coercive field
for the three typical samples. Note that VSM hysteresis loops
described with the same magnetic field sweeping rate show
exactly the same coercive fields. Rxx loops were measured
simultaneously with the Rxy Hall resistance. Loops are shown
for the film of intermediate composition in Fig. 6(b). They
show peaks at the exact values of the coercive fields as
observed previously [40,41]. Those are antisymmetric and
understood as resulting from DW perpendicular to the magne-
tization and to the current during the reversal [41]. This does
not depend on the position relative to compensation. Another
point that we observe is the Rxx decrease as T is increased;
this is typical of amorphous metals as already discussed in
Ref. [42].
Neither EHE nor MOKE amplitude enable quantitative
magnetization measurements. In order to obtain magnetiza-
tion values representative of the thermal evolution of the
difference between the 3d TM parallel to 5d RE moments and
the antiparallel 4f RE moments, hysteresis loops were mea-
sured with VSM and with a commercial Alternating Gradient
Force Magnetometer (AGFM) from Princeton Measurement
Corporation allowing working at room temperature with mag-
netic field up to 1 T. The typical sensitivity of VSM with such
configuration is around 10−6 emu. The AGFM system has
about the same limit of sensitivity. For very thin films like ours
of typical volume around 10−8 cm3, the two setups lead to a
magnetization sensitivity of about 100 emu/cm3 = 125 mT.
Extracting the signal arising from the ferrimagnetic layer in
question from the background signals requires (a) minimiza-
tion of the sample holder’s magnetic signature and (b) a means
for subtracting substrate contributions. With both techniques,
apart from a large diamagnetic contribution relatively easy
to remove, an S shape contribution was evidenced around
H = 0. This contribution, temperature independent in our
investigation range, was attributed to the substrate. Its removal
at low temperature where the ferrimagnetic film has a huge
coercivity was quite easy but sometimes a bit more tricky at
larger temperature.
Figure 7 shows magnetization as a function of temperature
for a TbFe film (a) (Fe dominated, Tcomp below 150 K) and its
counterpart, a TbFeCo film (b) (Tb dominated, Tcomp above
400 K). Close to compensation, some of the coercive fields
were so large that we could not measure full hysteresis by
VSM. The solid lines are the results of mean field calculations,
as detailed in Ref. [2], that have been superimposed to the
experimental results for the magnetization. They also provide
the individual sublattice magnetization and their different
thermal evolution. MOKE amplitudes obtained above room
temperature are shown on the same graph. MOKE data mainly
104410-5
E. HALTZ et al. PHYSICAL REVIEW MATERIALS 2, 104410 (2018)
-9 -6 -3 0 3 6 9
0.0148
0.0150
0.0152
0.0154
0.0156 25.9%
R
xx
(Ω
)
Hperp (T)
50
75
100
125
150
175
200
225
250
275
300
325
350
(b)-9 -6 -3 0 3 6 9
-10.25
-10.00
Hperp (T)
31.3%
R
H
a
ll
(Ω
)
50
75
100
125
150
175
200
225
250
275
300
325
350
(a)
12.50
13.75
15.00 25.9%
R
H
a
ll
(Ω
)
50
75
100
125
150
175
200
225
250
275
300
325
350
50 100 150 200 250 300 350
-9
-6
-3
0
3
6
9
Temperature (K)
H
C
(T
)
21.8% 25.9% 31.3%
-9 -6 -3 0 3 6 9
-10.0
-7.5
-5.0 21.8%
R
H
a
ll
(Ω
)
Hperp (T)
50
75
100
125
150
175
200
225
250
275
300
325
350
(c)
FIG. 6. Transport experiment results on films of 7 nm TbxFeCo1−x for x ranging from 0.218 to 0.313 grown on Si/100 nm SiOx and 5 nm
Al covered. (a) EHE hysteresis loops from T = 60 K to 350 K as indicated by the vertical scale. (b) Rxx loops for the 0.259 film. (c) Coercive
fields HC as a function of temperature.
given by the large 3d TM and tiny 5d RE contributions are
essentially proportional to the spin polarization and can merge
onto the EHE data obtained on a wider temperature range.
Both adjust reasonably to the TM sublattice magnetization
obtained from the mean field calculations. Within the limits
of sensitivity of our techniques, all results are consistent and
show that our TbFeCo has indeed a small magnetization above
room temperature but keeps a significant polarization that can
be easily probed by MOKE or EHE.
E. Magnetic properties depending on the stack
1. As a function of the thickness, in TbFe alloys
Thin films of decreasing thickness and fixed composition
were grown. MOKE (Fig. 8) and EHE (not shown) experi-
ments demonstrate that the coercivity increases as the thick-
ness of the alloy film is increased from 4 to 10 nm. Experimen-
tally, the large coercivity of the films close to compensation
is difficult to overcome and it was not possible to saturate
the 10 nm thick films in our MOKE setup at room temper-
ature; that’s why the loops are shown at 325 K. Additionally,
when increasing the thickness, the compensation temperature
is shifted towards larger values. This is in agreement with
previous results describing a similar thickness dependence of
coercivity and even polarity of the hysteresis loop of films
prepared in the same growth conditions [26,43]. They were
interpreted as indicating a change in the effective film compo-
sition revealing the importance of surface vs bulk [44]. This
is here supported by the TbxFe1−x alloy films EELS analysis
(see Sec. II C). First, a part of the terbium atoms present
in the films is not available for its bulk part and for small
thicknesses; a 28% film may behave like its bulk region 24%
one at the same temperature, i.e., with an apparently smaller
Tcomp than its thicker counterpart. Secondly, interfacial regions
where the local composition is quite different can impact
significantly the nucleation field and consequently coercivity.
Finally, it’s well known that nucleation is affected by defects
whose density is increased as the thickness is reduced.
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FIG. 7. Magnetization versus temperature in Si/100 nm SiOx/7
nm Tb0.21Fe0.79/5 nm Al (a) and Si/100 nm SiOx/7 nm
Tb0.31FeCo0.69/5 nm Al (b) films from VSM (triangles) and AGFM
(single red circle). MOKE (above room temperature, dots) and EHE
(squares) loops amplitude have been superimposed and are mainly
proportional to the polarization P that reflects the TM magnetization.
Mean field calculation results as described in [2] are shown with solid
lines.
2. As a function of the buffer/cover, in TbFeCo alloys
To further investigate the diffusion processes and the pref-
erential oxidation of the rare earth that occurs at the interfaces,
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FIG. 8. Polar hysteresis loops of Tb28Fe72 films of different
thickness (indicated in the figure) at T = 325 K.
20 22 24 26 28 30 32 34
0
100
200
300
400
T c
om
p(K
)
Composition (%Tb)
//TbFeCo/Al5 //V1/TbFeCo/V1/Al5 //V1/TbFeCo/V1/Al3
//Ta5/TbFeCo/Ta5/Al5 //Ta5/TbFeCo/Pt5/Al5
Bulk
4%
FIG. 9. Evolution of the Tcomp in different TbxFe1−x 7 nm stacks
versus the Tb composition. Different symbols are used. When arrows
are drawn, it means that the samples did not transit up to this tem-
perature in our experimental conditions and that the compensation,
if it exists, is above (up arrow) or below (down arrow) the point.
The thick black solid line corresponds to the bulk evolution of Tcomp
reported in [2]. Other solid lines shown for films embedded V and
Al are supported by the assumption that Tcomp is linear with the Tb
amount in the investigated range, like in the bulk, with a slope of
about 40 K per percent. For Pt and Ta buffer/cover layers, significant
error bars may exist for the composition.
simple films of fixed thickness have been encapsulated with
vanadium and aluminium or embedded between layers of
heavy metals like Ta and Pt. The evolution of the Tcomp in
different 7 nm TbxFeCo1−x stacks is presented in Fig. 9 versus
the composition.
The thick black solid line corresponds to the bulk evolution
as given in Ref. [2]. The smaller the terbium amount, the
smaller the Tcomp that shifts towards low temperature at a
rate of about 40 K per Tb percent. We repeated all steps
of basic characterization in the different film stacks. Let
us comment first on films encapsulated with vanadium but
covered with 5 nm of aluminium to be compared with the
previous set of samples. A clear shift towards low Tcomp is
observed in comparison with bulklike alloys. It further reveals
a 4% biased effective composition in thin films as obtained
from RBS and EELS experiments. We tried vanadium with
the idea that it could prevent diffusion like niobium does
efficiently for TbFe [45] and because of its small spin orbit
(the latter being an important parameter for ongoing CIDWM
studies). However, the compensation of stacks including or
not the 1 nm vanadium layer is not significantly different and
corresponds maximum to a 1% reduction of Tb composition.
The effect of the biasing in the effective composition is even
more drastic in the second type of stacks. When the Al cover
thickness is reduced to 3 nm, the compensation is shifted to
much lower temperature and shows that a much larger amount
of terbium migrated towards the top and oxidized cover layer,
as shown in TbFeCo depending on the Al buffer quality [46].
It reveals that terbium migrates across vanadium that does not
act as an efficient diffusion barrier. For ferrimagnetic films
104410-7
E. HALTZ et al. PHYSICAL REVIEW MATERIALS 2, 104410 (2018)
embedded between heavy metals like platinum or tantalum,
the alloy composition may exhibit a significant error since
RBS experiments are meaningless. Therefore, no solid lines
have been drawn but the tendency is obvious: a similar bias
of composition occurs. This again reveals the very large
sensitivity of bulk compensation to the amount of terbium
sunk in the interfaces.
III. CONCLUSION
In this paper, TbxFe1−x or TbxFeCo1−x alloy thin films
grown by coevaporation were investigated by combining
structural, transport, and magnetic investigations. The films
exhibit the desired integrated Tb composition and are amor-
phous. We also evidenced a nonhomogeneous depth dis-
tribution of the rare earth within the film depth. Terbium,
being very sensitive to its local environment, can be sunk
by buffer/cover layers, in particular if they contain oxygen.
This leads to Tb oxidized interfaces and a biased magnetic
compensation temperature that reflects the reduced Tb amount
of the bulk of the layer. We also evidenced that this shift in
magnetic properties may be modified by changing the nature
or thickness of the buffer/cover layers.
A very appealing property, when thinking about experi-
ments that require one to inject a significant amount of current
in the wire, is that the anisotropy remains out of plane and
the loops keep their remanence up to high temperature, as
required for further CIDWM experiments. Moreover, mag-
netization reversal occurs by rare nucleation and a smooth
domain wall propagation.
Already in such a simple TbFe stack, it’s very interesting
to note the asymmetric character of the considered interfaces,
crucial for properties like Dzyaloshinskii-Moriya interac-
tion [28,47]. Any further studies of domain wall propagation
in such systems must take into account the detailed structure
of the stacks.
ACKNOWLEDGMENTS
A.P. would like to thank the Région Ile-de-France
(C’NANO IdF “FAST” project). O.R. was supported by the
project MULTIDOLLS from the French National Research
Agency (ANR), Grant No. ANR-12-BS04-0010-02. The au-
thors thank S. Rohart for his constant implication in the MBE
development. The authors acknowledge for VSM measure-
ments financial support from Région Ile de France (C’Nano
IdF “NOVATECS” Project No. IF-08-1453.R) and from the
French National Research Agency (ANR) as part of the
“Investissements d’Avenir” program (Labex charmmmat,
Grant No. ANR-11-LABX-0039).
[1] A. Manchon, I. Miron, T. Jungwirth, J. Sinova, J. Zelezný, A.
Thiaville, K. Garello, and P. Gambardella, arXiv:1801.09636.
[2] P. Hansen, C. Clausen, G. Much, M. Rosenkranz, and K. Witter,
J. Appl. Phys. 66, 756 (1989).
[3] A. Kirilyuk, A. Kimel, and T. Rasing, Rep. Prog. Phys. 76,
026501 (2013).
[4] P. Chaudhari, J. Cuomo, and R. Gambino, Appl. Phys. Lett. 22,
337 (1973).
[5] M. Mansuripur and M. Ruane, IEEE Trans. Magn. 22, 33
(1986).
[6] P. P. J. Haazen, E. Murè, J. H. Franken, R. Lavrijsen, H.
J. M. Swagten, and B. Koopmans, Nat. Mater. 12, 299
(2013).
[7] T. Komine, K. Takahashi, A. Ooba, and R. Sugita, J. Appl. Phys.
109, 07D503 (2011).
[8] Y. Hirata, D.-H. Kim, T. Okuno, W. S. Ham, S. Kim,
T. Moriyama, A. Tsukamoto, K.-J. Kim, and T. Ono,
arXiv:1705.10062.
[9] E. Haltz, J. Sampaio, R. Weil, Y. Dumont, and A. Mougin
(unpublished).
[10] T. Nishimura, D. H. Kim, Y. Hirata, T. Okuno, Y. Futakawa, H.
Yoshikawa, A. Tsukamoto, Y. Shiota, T. Moriyama, and T. Ono,
Appl. Phys. Lett. 112, 172403 (2018).
[11] H. Yuushou, K. Duck-Ho, O. Takaya, N. Tomoe, F. Yasuhiro, Y.
Hiroki, H. Wooseung, K. Sanghoon, T. Arata, S. Yoichi et al.,
Appl. Phys. Express 11, 63001 (2018).
[12] K. J. Kim, S. K. Kim, Y. Hirata, S. H. Oh, T. Tono, D. H. Kim,
T. Okuno, W. S. Ham, S. Kim, G. Go et al., Nat. Mater. 16, 1187
(2017).
[13] S. Woo, K. M. Song, X. Zhang, Y. Zhou, M. Ezawa, X. Liu, S.
Finizio, J. Raabe, N. J. Lee, S. I. Kim et al., Nat. Commun. 9,
959 (2018).
[14] A. Sarkar, S. Wang, W. Grafeneder, M. Arndt, and R. Koch,
Nanotechnology 26, 165203 (2015).
[15] C. Gusenbauer, T. Ashraf, J. Stangl, G. Hesser, T. Plach, A.
Meingast, G. Kothleitner, and R. Koch, Phys. Rev. B 83, 035319
(2011).
[16] M. Gibert, M. Viret, A. Torres-Pardo, C. Piamonteze, P. Zubko,
N. Jaouen, J.-M. Tonnerre, A. Mougin, J. Fowlie, S. Catalano
et al., Nano Lett. 15, 7355 (2015).
[17] L. G. Parratt, Phys. Rev. 95, 359 (1954).
[18] Y. Murakami, T. Shingyoji, and K. Hijikata, J. Appl. Phys. 68,
1866 (1990).
[19] C. O. Bacri, C. Bachelet, C. Baumier, J. Bourçois, L. Delbecq,
D. Ledu, N. Pauwels, S. Picard, S. Renouf, and C. Tanguy,
Nucl. Instrum. Meth. Phys. Res. B 406, 48 (2017).
[20] W.-K. Chu, J.-W. Mayer, and M.-A. Nicolet, Backscattering
Spectrometry (Harcourt Brace Jovanovich, New York, 1978).
[21] M. Kociak, O. Stéphan, M. G. Walls, M. Tencé, and C. Colliex,
Spatially Resolved EELS: The Spectrum-Imaging Technique and
Its Applications (Springer, New York, 2011), Chap. Scanning
Transmission Electron Microscopy, p. 163.
[22] N. Bergeard, A. Mougin, M. Izquierdo, E. Fonda, and F. Sirotti,
Phys. Rev. B 96, 064418 (2017).
[23] R. B. van Dover, E. M. Gyorgy, R. P. Frankenthal, M. Hong,
and D. J. Siconolfi, J. Appl. Phys. 59, 1291 (1986).
[24] M. Schlenker, J. Pelissier, B. Barbara, J. Guigay, G. Fillion, R.
Geiss, A. Liénard, and B. Blanchard, J. Phys. France 51, 483
(1990).
[25] R. Cid, J. M. Alameda, S. M. Valvidares, J. C. Cezar, P. Bencok,
N. B. Brookes, and J. Díaz, Phys. Rev. B 95, 224402 (2017).
[26] M. S. E. Hadri, M. Hehn, P. Pirro, C.-H. Lambert, G.
Malinowski, E. E. Fullerton, and S. Mangin, Phys. Rev. B 94,
064419 (2016).
104410-8
DEVIATIONS FROM BULK BEHAVIOR IN TbFe(Co) … PHYSICAL REVIEW MATERIALS 2, 104410 (2018)
[27] B. Hebler, A. Hassdenteufel, P. Reinhardt, H. Karl, and M.
Albrecht, Front. Mater. 3, 8 (2016).
[28] T. Tono, T. Taniguchi, K.-J. Kim, T. Moriyama, A. Tsukamoto,
and T. Ono, Appl. Phys. Express 8, 073001 (2015).
[29] A. R. Khorsand, M. Savoini, A. Kirilyuk, A. V. Kimel, A.
Tsukamoto, A. Itoh, and T. Rasing, Phys. Rev. Lett. 110,
107205 (2013).
[30] J. Pommier, J. Jamet, J. Ferré, P. Houdy, P. Boher, and F. Pierre,
J. Magn. Magn. Mater. 136, 251 (1994).
[31] D. C. Miller, E. E. Marinero, and H. Notarys, Appl. Surf. Sci.
35, 153 (1988).
[32] J. McCord, J. Phys. D: Appl. Phys. 48, 333001 (2015).
[33] M. Mochida and T. Suzuki, IEEE International Digest of Tech-
nical Papers on Magnetics Conference (IEEE, New York, 2002),
Vol. 91, p. GQ2.
[34] S. Gadetsky, A. Stupnov, M. Zumkin, and E. Nikolaev,
IEEE Trans. Magn. 28, 2928 (1992).
[35] M. Takahashi, N. Ohta, S. Takayama, Y. Sugita, M. Yoshihiro,
and K. Shigematsu, IEEE Trans. Magn. 22, 931 (1986).
[36] C. Gimenez, A. Urban, and J. Vitton, IEEE Trans. Magn. 24,
1738 (1988).
[37] R. Malmhall, J. Appl. Phys. 54, 5128 (1983).
[38] R. Hajjar, M. Mansuripur, and H. Shieh, J. Appl. Phys. 69, 7067
(1991).
[39] R. Malmhall and T. Chen, Thin Solid Films 125, 257
(1985).
[40] S. Yumoto, K. Toki, O. Okada, and H. Gokan, IEEE Trans.
Magn. 24, 2793 (1988).
[41] X. M. Cheng, S. Urazhdin, O. Tchernyshyov, C. L. Chien, V. I.
Nikitenko, A. J. Shapiro, and R. D. Shull, Phys. Rev. Lett. 94,
017203 (2005).
[42] A. Fert and R. Asomoza, J. Appl. Phys. 50, 1886 (1979).
[43] R. Malmhall and T. Chen, J. Appl. Phys. 53, 7843 (1982).
[44] M. Scheinfein, J. Blue, and M. Aeschlimann, IEEE Trans.
Magn. 27, 5124 (1991).
[45] D. Mergel, H. Heitmann, and P. Hansen, Phys. Rev. B 47, 882
(1993).
[46] S. Miyanishi, K. Kojima, J. Sato, T. Takayama, H. Fuji,
A. Takashashi, and K. Ohta, J. Appl. Phys. 93, 7801
(2003).
[47] A. Thiaville, S. Rohart, E. Jué, V. Cros, and A. Fert,
Europhys. Lett. 100, 57002 (2012).
104410-9
